Trjfolium subterraneum plants grown at 30 "C root temperature nodulated 3 days after inoculation with Rhizobium trfolii and nitrogenase activity (determined by acetylene-reduction) was detected 3 days later. While all four strains of R. trfolii examined formed effective nodules at 22 "C, at 30 "C only the nodules formed by strain TAI showed a rapid increase in nitrogenase activity. Light and electron microscopy of the nodules formed by one temperature-sensitive strain (~~3 0 ) showed the following abnormalities : multiple branching and distortion of the infection threads ; failure of many bacteria to develop into characteristic bacteroids; continued division of these bacteria to give atypical multiple occupancy of the membrane envelopes ; release of polysaccharide from ruptured infection threads into the host cytoplasm; rapid degeneration of the membrane envelopes and their contents. While the development of the membrane envelopes appeared to be under host control, the effect of the higher temperature on bacteroid development was highly strain specific.
strain TAI showed a rapid increase in nitrogenase activity. Light and electron microscopy of the nodules formed by one temperature-sensitive strain (~~3 0 ) showed the following abnormalities : multiple branching and distortion of the infection threads ; failure of many bacteria to develop into characteristic bacteroids; continued division of these bacteria to give atypical multiple occupancy of the membrane envelopes ; release of polysaccharide from ruptured infection threads into the host cytoplasm; rapid degeneration of the membrane envelopes and their contents. While the development of the membrane envelopes appeared to be under host control, the effect of the higher temperature on bacteroid development was highly strain specific.
Upon transfer of nodulated plants from 22 to 30 "C, bacteroid tissue in nodules formed by the temperature-sensitive strain ~~3 0 broke down rapidly but nodules formed by strain TAI were less severely affected.
I N T R O D U C T I O N
Root temperature has a marked influence on the development and function of the legumeRhizobium symbiosis. The infection of the root hairs, the rate of nodule appearance, the number of nodules formed, the amount and rate of nitrogen fixation, and the distribution of fixed nitrogen from the nodules are affected by root temperature (see review by Gibson, 1 9 7 1 ) . Relatively little is known of the effects of root temperature on the structure of the nodules, or on the development of the bacteroid (or nitrogen-fixing) tissue within them. Dart & Mercer (1965) showed that nodules formed on the tropical legume Vigna sinensis, grown at 2 1 "C (a low temperature for this host), contained alow proportion of infected cells and large quantities of starch in the uninfected cells. At the highest temperature examined, 36 "C, a high proportion of the cells were infected (as at 24 to 33 "C) and starch deposits, largely absent from cells in the middle of the temperature range, were again evident in the uninfected cells. In nodules formed on Trifolium subterraneum grown at suboptimal root temperatures, Roughley (1970) found that the rate of development, and subsequent degeneration of the bacteroid tissue at 7 and I I "C was greatly slowed relative to that at 19 "C. At the lower temperature, a greater volume of active tissue finally developed, in apparent compensation for the lower nitrogen fixing activitylunit tissue. 
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Previous studies showed a specific effect of high root temperatures on nitrogen fixation by Trifolium subterraneum nodulated by some strains of Rhizobium trifolii. Plants grown at 22 "C following inoculation with either strain TAI or N A~O formed effective nodules whereas at 30 "C only the nodules produced by strain TAI fixed adequate nitrogen for plant growth (Gibson, 1967) . The transfer of plants nodulated at 22 "C to a root temperature of 30 "C resulted in a marked decrease in nitrogen fixation by the ~~3 0 nodulated plants; the reduction in fixation was proportional to the length of daily exposure to 30 "C (Gibson, 1969) .
This paper examines the effects of high root temperature on the development and maintenance of nitrogenase activity by plants inoculated with Rhizobium trifoolii strains. Lightand electron-microscope studies of changes in nodule structure and bacteroid development are described.
M E T H O D S
Bacterial strains. The strains used were TAI (isolated from Trifolium subterraneum, Bridport, Tasmania), ~~3 0 (T. repens, Kempsey, N.S.W., Australia), cc248oa (T. subterraneum, Yannina, Greece) and wu95 (T. subterraneum, Western Australia).
Plant culture. The host was Trifolium subterraneum cv. Tallarook (F. H. Brunning Pty. Ltd, Melbourne, Australia). The plants were grown with the roots on agar slopes inside test tubes capped with Al-foil, and with the shoots free above the tubes (Gibson, 1963) . The seedlings were inoculated with 3-day cultures of Rhizobium trifolii 3 days after sowing and grown at 22 or 30 "C root temperature, with a 22/15 "C shoot temperature regime based on a 14 h daily light period. Light intensity was 2500 ft-candles from a mixture of incandescent and fluorescent lights (Gibson, 1965) .
Nodules were removed for structural studies I, 3, 5, 8 and 10 days after their first appearance and 2, 3, 4 and 6 days after transfer from 22 to 30 "C root temperature. At the same time, nitrogenase activity was determined by the acetylene-reduction technique (see below).
Light microscopy. Serial microtome sections (6 to 8 pm) were cut from paraffin-embedded nodules and stained with Heidenhain's haematoxylin and safranin. For detailed study of individual cells, sections I pm thick were cut from material fixed and embedded in glycolmethacrylate (Feder & O'Brien, 1968) and stained with 0.05 % toluidine blue in acetate buffer, pH 4.0. The periodic acid-Schiff reaction (Jensen, 1962) was used as a test for polysaccharide material.
Electron microscopy. Nodule tissue was fixed in 3 % glutaraldehyde in 0.025 M-phosphate buffer, pH 7.0, for 2 h, washed in three changes of the same buffer for 3 h, and then treated with 2 yo osmium tetroxide in 0.025 M-phosphate buffer, pH 7.0, for 13 h. The tissues were then dehydrated in ethanol and infiltrated with Epon through propylene oxide. Embedding was done under vacuum and the blocks were polymerized at 85 "C for 24 h. Thin sections were cut with glass knives, on a LKB 'Ultratome', stained with saturated uranyl acetate in 50 % ethanol followed by lead citrate, and examined in a Philips EM 200 electron microscope at 80 kV.
Nodule measurements. An estimate of the number of bacteroidslmembrane envelope, and the profile area of envelopes, and of bacteroids, was obtained from electron micrographs by cutting out the profiles and weighing them. Areas were then determined from the weight1 area ratio of the paper and from the photographic magnification. Estimates of the degree of infected tissue degenerating in nodules after transfer from the lower to the higher root temperature were made from similar measurements from light micrographs.
Acetylene-reduction by nodulated root systems. Nitrogenase activity was determined by the (-) and 30 "C (---) continuously, or transferred from 30 to 22 "C 2 days after inoculation (---) . Activity determined by acetylene-reduction technique.
acetylene-reduction assay (Hardy, Holsten, Jackson & Burns, I 968). Blotted nodulated roots (in pairs) were put into 13'5 or 40 ml rubber-capped glass vials. The vials were evacuated and filled with a gas mixture of 02, C2H2 and Ar (I : I : 3) at atmospheric pressure, then incubated at 22 "C or 30 "C for 30 to 60 min. Analysis of C2H2 and C2H, was done with a Philips P 4000 gas chromatograph (Bergersen, I 970). Na-glutamate, 0.25; yeast extract, 1.0) in 250 ml flasks with rotary agitation (120 rev./min) in temperature-controlled incubators. Inocula were adjusted to give the same starting optical density (read at 600 nm on a Unicam SP600) and readings were made every 4 h until the stationary growth phase was reached.
Growth rate o f t h e two strains. Cultures of two strains

R E S U L T S
Nitrogenase activity and structural development of young nodules Nitrogenase activity was first detected by the acetylene-reduction technique 6 days after inoculation (3 days after nodules were recognized) (Fig. I a) . During the following 6 days, activity reached a high level in the nodules of all plants grown at 22" C, and in the nodules of TAI plants grown at 30 "C. However, activity remained at a low level in the plants inoculated with ~~3 0 , wu95, or ccz48oa and grown at 30 "C ( Fig. I) . The acetylene-reducing activity Of NA30 plants transferred from 30 to 22 "C 2 days after inoculation was detected earlier than 
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that of plants grown continuously at 22 "C but increased at a rate similar to that of these controls. The amounts of nitrogen fixed to day 1 2 were in accord with the acetylene-reduction data. Development of nodules at 22 "C. Nodules formed by strains T A I and ~~3 0 appeared 4 to 6 days after inoculation, and development proceeded normally. Apical meristem, bacteroidcontaining zone, cortex and vascular traces were clearly defined 3 days after the nodules appeared. Fig. 2(a) shows the gross structure of an 8-day-old ~~3 0 nodule. Mature infected host cells have a large central vacuole with bacteroids packed into the surrounding cytoplasm. The oval or pear-shaped bacteroids were 8 to 10 times the size of vegetative bacteria, and each was enclosed within a membrane envelope considered to be derived from the host cell plasmalemma during bacterial release from the infection threads (Goodchild & Bergersen, 1966; Dixon, 1967) . Amyloplasts were usually present around the periphery of the bacteroidcontaining cells, and many mitochondria could be seen adjacent to them (Fig. 2c) .
Development of nodules at 30 "C. The early development of T A I nodules at 30 "C (until they were 8 days old) was identical to that of the nodules at 22 "C. Nodules formed by ~~3 0 developed normally until they were 2 to 3 days old, but severe disruption of development then occurred. Fig. 2(b) shows the general features of an 8-day-old ~~3 0 nodule formed at 30 "C. The following abnormal features were found :
(i) Many of the bacteria released into the host cells failed to develop into normal bacteroids. Instead they apparently continued division within the envelopes as each enclosed two, four, six or more bacteria (Fig. 2d, 3a) . These bacteria had undergone little or no enlargement (average profile area 0.49 ,.urn2, cf. 0.45 ,.urn2 for vegetative ~~3 0 in the infection threads), and were approximately one-seventh the size of ~~3 0 bacteroids in nodules formed at 22 "C (Table I ; Fig. 3a, b) . However, the membrane envelopes formed at 30 "C had approximately the same profile area as those found at 22 "C ( Table I) . The envelopes at 30 "C fragmented and degenerated very rapidly (Fig. 3c) and released the bacteria into the host cell cytoplasm (Fig. 3 d) . Recognizable structure was rapidly replaced by many granular bodies within the cytoplasm.
(ii) Infection threads showed increased ramification into the newly differentiated host cells with two or three threads releasing bacteria into the one cell. These infection threads showed increased branching and a distorted shape (Fig. 4a) when compared with normal infection threads , (iii) Some infected cells in the centre of the nodules were filled with material giving a positive periodic acid-Schiff reaction for polysaccharide, and in older cells, towards the base of the nodules, the entire cell vacuole was filled with this material. In electron micrographs, the material in the vacuoles was electron-dense and contained many small granules (Fig. 4b) . It frequently had a fibrous texture and appeared to originate from the disruption of infection threads (Fig. 4c) rather than from the breakdown of the membrane envelopes. The positive tests for polysaccharide in sections examined by light microscopy suggest that this material may be polysaccharide. Many bacteria within this polysaccharide were inflated to abnormal size (profile area up to 10 ,.urn2; Fig. 46, d ) and eventually appeared to burst. This could be due either to inability to divide or to osmotic swelling.
Older nodules formed by T A I (8 to 10 days old) showed some of the above abnormalities. Membrane envelopes containing two, four or six bacteria were occasionally found among normal bacteroids (Fig. 5 a ; Table I ) and some cells appeared to be undergoing premature degeneration. (a) A section of a mature cell from the central zone of an 8-day-old nodule formed by ~~3 0 at 30 "C. Note the almost uniform occurrence of several bacteria/host membrane envelope, and the occasional normal-appearing bacteroids. Many of the bacteria appear to be undergoing degeneration (DB), and breaking up into small electron-dense granules. V, Vacuole; EN, enclosing membrane envelope. 
Disruption of nodule development
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Nitrogenase activity and structure of nodules transferred between moderate and high temperatures
The acetylene-reducing activity of nodulated roots assayed at both 22 and 30 'C showed little or no effect of assay incubation temperature, regardless of the strain forming the nodules. This indicated that the higher temperature was not affecting the nitrogen fixation process per se.
Plants grown at 22 "C were transferred to 30 "C root temperature 12 and 21 days after inoculation, and nitrogenase activity determined by the acetylene-reduction technique at regular intervals. Activity of ~~3 0 nodules was maintained for 3 to 4 days (Fig. 6a, b) then fell rapidly to a low level. Upon transfer of these plants back to 22 "C after 6 days at 30 "C, only a small rise in activity was observed during the subsequent 4 days. The nitrogenase activity of TAI plants transferred to 30 "C levelled off, whereas at 22 "C, it continued to rise. Return of TAI plants from 30 to 22 "C resulted in a dramatic but unexplained increase in activity 2 days later and a decline to a more normal level by the fourth day (Fig. 6a) . Transferring TAI plants grown at 22 "C to the higher root temperature (30 "C) produced no observable effect on nodule structure in 4 days except that starch deposits had commenced to diminish. After 6 days at 30 "C degeneration of the bacteroids in the older cells had commenced ( Table 2) . Within the ~~3 0 nodules the rapid breakdown and degeneration of host cells towards the base of the nodules was observed 3 days after transfer (Fig. 5 c, cf. 5 d) . By day 8 this breakdown was well advanced (Fig. 5b) . Nodules on ~~3 0 plants transferred to 30 "C 12 days after inoculation showed an average of 25 % of the bacteroid tissue undergoing ( x ) and ~~3 0 ( 0 ) when grown continuously at 22 "C root temperature (-) or transferred from 22 to 30 "C root temperature (---). Transfer to 30 "C commenced 12 days (Fig. 6u) and 21 days (Fig. 6b) after inoculation, with some plants (Fig. 60 ) being transferred back to 22 "C 6 days after the initial transfer to 30 "C (--, indicated by arrows). Activity determined by the acetylene-reduction technique.
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degeneration 4 days after transfer, whilst in nodules on plants transferred to 30 "C 2 1 days after inoculation, 37 % of the tissue was degenerating after 4 days ( Table 2 ). The growth and branching of the infection threads immediately distal to the meristem of ~~3 0 nodules was increased following transfer to 30 "C, and in newly invaded cells there was some bacterial division within the membrane envelopes by the third day following transfer.
Efect of temperature on bacterial growth
Following the observed multiplication of ~~3 0 cells within the membrane envelopes at 30 "C the effect of temperature on the growth of strains TAI and ~~3 0 was examined in liquid nutrient medium. Strain TAI had the higher growth rate at 2 2 "C, but strain N A~O was superior at 30 "C (Fig. 7) ; strain ~~3 0 also had a higher growth rate than TAI at 28 and 34 "C. Similar results were obtained at 22 and 30 "C when twice the concentration of glucose, mannitol and glutamate were used in the medium.
DISCUSSION
There are three principal stages of development within the central tissue of young nodules. High root temperatures disrupt two of these stages in nodules formed by strain ~~3 0 -the growth of the infection threads and the transformation of the bacterium in the envelopes into nitrogen-fixing bacteroids. Only the middle stage, the release of the bacteria from the infection thread and the initial formation of the envelopes, does not appear to be affected by the higher temperature. Whether the ~~3 0 bacteria remain in the vegetative state within the envelopes, or commence development towards bacteroids could not be ascertained. There is no increase in size and the bacteria appear to continue in division until they disintegrate. Whilst Disruption of nodule development at 22 "C (-) and 30 "C (---) in a yeast-extract medium (see Methods).
this does not preclude the initiation of nitrogenase development in these vegetative bacteria the low proportion of envelopes containing normal bacteroids would be sufficient to account for the low amount of nitrogen fixed, Within the TAI nodules only a small proportion of the envelopes have multiple occupancy of vegetative bacteria. Clover nodules usually contain only one bacterium in each membrane envelope (Dart & Mercer, 1963 ; Mosse, 1964; Dixon, 1967; Pankhurst, Schwinghamer & Bergersen, 1972) . Kidby & Goodchild (1966) considered that the number of bacteria/envelope was hostcontrolled following observations made on effective nodules formed by one strain of Rhizobium lupini on Lupinus luteus L. (one bacterialenvelope) and Omithopus sativus L. (two or morefenvelope). In contrast, the differences observed in the present study are induced by temperature and are quantitatively different between bacterial strains. This suggests that the genetic mechanism controlling the conversion of the vegetative bacteria to bacteroids is suppressed at higher temperatures and that strain ~~3 0 is more sensitive than strain TAI .
That the suppression is not complete -some ~~3 0 bacteria do transform into bacteroidssuggests that micro-environmental conditions (physiological and physical) within the nodule can influence the metabolic changes occurring in the individual bacterium during its transformation into a bacteroid (Bergersen, I 958) . Some indication of metabolic differences between strains TAI and ~~3 0 is evident in the growth of the cultured bacteria (Fig 7) . The higher growth rate of ~~3 0 at the higher temperatures is particularly interesting. The area of the membrane envelope profiles in the nodules initiated by each strain was similar, regardless of the temperature or whether bacteroids or vegetative bacteria occupy the space (Table I) , which supports the conclusion of Kidby & Goodchild (1966) that the development of the membrane envelope is under host control.
Some features of the ~~3 0 nodules at 30 "C are similar to observations made on the breakdown of nodules formed on plants deficient in boron (Brenchley & Thornton, 1925) or transferred to the dark (Thornton, 1930) . Thornton explained the degeneration as parasitism induced by the deficiency of available carbohydrate. However, the apparent presence of large quantities of polysaccharide in the host cell vacuoles makes this an unlikely explanation of the effect of high temperature.
The more rapid degeneration of the bacteroid tissue of developed ~~3 0 nodules following transfer to 30 "C indicates a further difference in the sensitivity of the two strains to higher temperature. That the tissue at the base of the nodules is first affected indicates that the effect is related to its physiological age, and to some extent is an accelerated form of the breakdown of Trifolium subterraneum nodule tissue growing at lower (11 to 19 "C) root temperatures (Roughley, 1970) . It is possible that the breakdown of nitrogenase is accelerated at 30 "C in ~~3 0 bacteroids, relative to that in TAI bacteroids, or that under higher temperature conditions they are unable to replace nitrogenase broken down during the normal turnover of enzymes. The results with strains wug5 and ccz48oa at 22 and 30 "C, and of a wide range of Rhizobium trtfolii strains (Brockwell et al. 1968) indicate that the ability of strain TAI to develop an effective symbiosis at 30 "C is exceptional.
Host influence on nodulation, including failure to develop the characteristic bacteroid morphology, is well known in ineffective associations (Bergersen, I 957) . Studies of genetic incompatibility between strains of rhizobia and their hosts (Nutman, I 969) have concerned nodule development and structure under optimal growth conditions. The presently described breakdown of the symbiosis implicates an environmental factor in the regulation of normal nodule development.
